ABSTRACT. Dipterocarpus alatus (Dipterocarpaceae) is widely distributed in lowland forests in central and southern Vietnam, Cambodia, Laos, Myanmar, Philippines, Thailand, and India. Due to over-exploitation and habitat destruction, the species is now threatened. The genetic variation within and among populations of D. alatus was investigated on the basis of 9 microsatellite (single sequence repeat, SSR) loci. In all, 268 sampled trees from 10 populations in central and southern Vietnam were analyzed in this study. The SSR data showed Analysis of molecular variance showed that most genetic variation was within populations (74.96%). This study highlights the importance of conserving the genetic resources of D. alatus species.
INTRODUCTION
Dipterocarpus alatus, a species of the Dipterocarpaceae family, is believed to be restricted to central and southern Vietnam, Cambodia, Laos, Myanmar, Philippines, Thailand, and India (Nghia, 2005) . This species is bisexual and insect-pollinated. Flowers are large, actinomorphic and scented. Fruiting appears almost every year, with fruit maturation occurring between March and April. The fruit consists of a single-seeded nut with a wing-like calyx. Seeds are dispersed by wind. D. alatus is an important timber tree and plays a dominant role in the ecology and economics of lowland rain forests in Vietnam. The wood of D. alatus is used for construction purposes such as plywoods, illumination, and waterproofing baskets and boats. Resin is used in paint, varnish, and lacquer. The species is widely distributed in evergreen and dry deciduous forests on the ancient alluvial rocks, granite, and basalt rocks that have low relief and a gentle slope, where water levels rise and fall rapidly during both dry and rainy seasons. The species prefers humidity of 75-85%; precipitation, 1500-2200 mm; mean annual temperature, 25°-27°C; and a dry season lasting 4-6 months.
Due to the exploitation of D. alatus for its valuable timber and resin by local people and forestry enterprises, its habitats are heavily affected by deforestation, forest fragmentation, and unsustainable management such as selective logging. Logging results in intense fragmented habitats and low-density populations. This threatens the long-term survival of the D. alatus genetic resource.
Conservation and management of a species requires information on the ecological and genetic diversity within and among populations. In order to obtain such information, especially a better understanding of genetic processes, powerful biological techniques are required. Organellar genomes (chloroplast and mitochondrial) are uniparentally inherited. Chloroplast is inherited via pollen, whereas mitochondria are inherited via seeds. Therefore, organellar DNA markers have been used for genetic differentiation between populations. Microsatellite markers (single sequence repeat, SSRs) are useful to analyze the effective pollen flow and seed dispersal within populations. Thus, these markers (high polymorphics) have been used for studies on gene flow, genetic structure, and mating systems (Ujino et al., 1998; Iwata et al., 2000; Takeuchi et al., 2004; Pandey and Geburek, 2009) .
The evolutionary potential of a species depends on its genetic variation. Understanding the amount of genetic diversity provides information for the development of conservation strategies and sustainable utilization of a species. The objective of this study was to use SSRs as genetic markers to investigate the level of genetic variability within and between populations of D. alatus, and to provide guidelines for the conservation, management, and restoration of this species to the Protection Forestry Department, Vietnam.
MATERIAL AND METHODS

Plant materials
This research was carried out in 10 sites, 4 in Dong Nai Province, and 1 each in Binh Phuoc, Tay Ninh, Ba Ria-Vung Tau, Phu Yen and Dak Lak, and Con Dao Islands (Figure 1 ; Table 1 ). The original vegetation at all of these sites has been greatly affected by human activities, including exploitation for commerce, firewood collection, and construction. Some areas of the native vegetations at Lo Go Xa Mat (Tay Ninh), Bu Gia Map (Binh Phuoc), Binh Chau Phuoc Buu (Ba Ria-Vung Tau), and Con Dao Islands have been destroyed because of agricultural expansion. However, three strata also characterize these vegetation structures. These lead to the alteration of the spatial distribution and age class structure of trees in these sites.
In this study, the inner barks from 19 to 33 mature trees (>25 cm dbh) were randomly sampled for the 10 populations, representing the natural range of D. alatus in Vietnam. The samples were placed into plastic bags with silica gel in the field; transferred to Laboratory of Molecular Biology, Vietnam National Museum of Nature; and stored at -30°C until DNA extraction. The samples were identified on the basis of previous taxonomic treatments of collected specimens from these populations.
DNA extraction
Total DNA was extracted from the samples by using the modified CTAB method proposed by Doyle and Doyle (1987) . Liquid nitrogen was added to about 100 mg of each sample, which was then ground by hand. Total DNA amount was determined using fluorimetry and then diluted to a concentration of 10 ng/µL.
DNA amplification for SSRs
Polymerase chain reaction (PCR) was performed using 25 µL PCR buffer (Qiagen), 2.5 mM MgCl 2 , 2 mM of each dNTP, 0.5 pM of each primer, 0.5 U Taq DNA polymerase (Qiagen) and 50 ng template DNA. In all, 9 SSR primer pairs were used in this study ( The reaction mixture was subjected to amplification in the GeneAmp PCR System 9700 (Applied Biosystems) as follows: an initial denaturing step at 94°C for 2 min, 40 cycles of 1 min at 94°C, 1 min annealing for each primer pair at 54°-56°C, 1 min extension at 72°C, and a final extension for 10 min at 72°C; the samples were then stored at 4°C. The amplification products were separated using a Sequi-Gen GT DNA electrophoresis system. Allele sizes were determined against the internal size standard and on QIAxcel Advanced System.
DNA analysis
Genetic parameters were calculated using the Arlequin 3.1 program (Excoffier et al., 2005) , including the number of alleles (N A ) per locus, observed (H O ) and expected (H E ) heterozygosities, the coefficient of excesses of homozygotes or heterozygotes compared with panmictic expectations within populations (F IS ), and the genetic differentiation (F ST ) between populations. Exact tests of deviation from the Hardy-Weinberg equilibrium for all loci and among populations were performed at the significance level (P) = 0.05. F ST values were also used to estimate the levels of gene flow between populations. Significance testing for variance components in analysis of molecular variance (AMOVA) was implemented on the basis of 1000 permutations. Genetic distances and identities, and UPGMA cluster analysis of genetic distances were generated to determine the genetic association among populations by using TFPGA (Miller, 1997) .
RESULTS
Genetic variation
The 9 SSR markers produced a total of 38 clear bands ranging in size from 100 to 295 bp, across all 268 trees of the 10 D. alatus populations. All 9 SSR loci were polymorphic in D. alatus species. The number of polymorphic loci varied among populations. The proportion of polymorphic loci was high (100%) in all populations, except 3 populations (77.8% for Con Dao and Binh Chau Phuoc Buu, and 88.9% for Krong Trai). At the species level, 4 alleles were revealed at 3 loci (Dipt03, Dipt04, and Dipt06); 3 at 4 loci (Dipt01, Dipt05, Dipt08, and Shc07); and 2 at Dipt07 and Shc11. The values of genetic diversity included N A = 2.2, H O = 0.209, and H E = 0.239 (Table 2 ). The most common alleles (allelic frequencies, >0.8) were revealed at 6 polymorphic loci for 3 populations (Dao Tien, Nui Tuong, and Tan Phu); 7 for 5 populations (Bu Gia Map, Ma Da, York Don, Lo Go Xa Mat, and Krong Trai); and 8 and 9 for Binh Chau Phuoc Buu and Con Dao, respectively. At the population level, 4 populations in Dong Nai had higher levels of genetic diversity than the remaining populations (Table 3) .
In all the studied populations, except for 3 populations; Ma Da, Tan Phu, and Lo Go Xa Mat, there were positive fixation index values (F IS > 0.1), indicating an excess of homozygotes and inbreeding. Two populations (Bu Gia Map and Con Dao) had positive values (F IS > 0.2) and suggested a remarkable decrease in hetezygogotes within these populations.
Genetic structure
The results of AMOVA revealed that 74.96% of the total variation was due to the dif-ference within populations. This was higher than the proportion among populations (Table 4) . The variation between populations was significant in D. alatus (25.04%; P < 0.001). The population pairwise differentiations (generated from AMOVA) indicated that most of the populations were significantly differentiated (P < 0.05). F ST values ranged from 0.053 to 0.492, except for population pairs in Dong Nai Province, which had F ST values from 0.024 to 0.027 (P > 0.05; see Table 5 ). These low differentiation values suggest gene exchanges between the 4 populations together in the same province. Table 6 shows the pairwise Nei's (1972) An UPGMA dendrogram (Figure 2 ) revealed genetic relationships among all the populations investigated on the basis of the Nei's (1972) matrix of genetic distances among populations (Table 6 ). A total of 10 populations were divided into 3 major groups: the first one corresponding to 4 populations in Dong Nai Province and showing a close relationship to each other with the lowest genetic distances (0.012-0.015), the second one corresponding to 4 populations of York Don (Dak Lak Province), Lo Go Xa Mat (Tay Ninh), Bu Gia Map (Binh Phuoc), and Krong Trai (Phu Yen). The 2 remaining populations of Binh Chau Phuoc Buu and Con Dao were clustered together, with high genetic distance (0.111). According to Mantel tests, the correlation between genetic distance and geographic distance was significant (R = 0.501; P < 0.05). 
Genetic distances and cluster analysis
DISCUSSION
Outcrossing species with a great potential for genetic movement will maintain the high levels of genetic diversity within populations and species (Hamrick, 1983; Hamrick and Godt, 1989) . Information on the high values of genetic diversity in dipterocarp species such as Shorea lumutensis (Lee et al., 2004; Boshier, 2011) , S. leprosula (Lee et al., 2000; Rimbawanto and Isoda, 2001; Keiya et al., 2001 ) and population levels was reported previously. Our results showed that D. alatus had high levels of genetic diversity within populations, mean H O = 0.209 (0.150-0.281) and H E = 0.239 (0.166-0.298). This reflects species ecology and history. The species is regionally distributed, has a long-life, has high fecundity, predominantly outcrosses, pollinated by insects (Appanah and Chan, 1981; Chan, 1981) , and late successional. Seeds are dispersed by wind and water (Ashton, 1982) . However, some studied populations of D. alatus showed lower levels of genetic diversity (e.g., Phu Quoc, Binh Chau Phuoc Buu, Lo Go Xa Mat, York Don, and Bu Gia Map) than the remaining populations (Krong Trai and 4 populations in Dong Nai Province). This might be due to smaller sample sizes, resulting, in part, from human activities (e.g., logging). Small populations might result inbreeding, which can reduce genetic diversity.
AMOVA revealed that most genetic diversity was found within the D. alatus populations. The genetic diversity partitioned among populations was significant (P < 0.001). The overall degree of population differentiation was higher in D. alatus (F ST = 0.266) compared with some other dipterocarp species studied, such as Dryobalanops aromatica (G ST = 0.067; Lim et al., 2001) , Shorea leprosula (G ST = 0.117; Lee et al., 2000) and Shorea lumutensis (G ST = 0.048; Lee et al., 2004) . Our research showed that 73.4% of the observed genetic variability was contained within populations, and 26.6% was due to the difference among populations. These results are in contradiction with the expectation of low variability among populations of long-lived and outcrossing species (Hamrick and Godt, 1989) . The gene flow via limited pollen and seed dispersal plays an important role for these results. Dipterocarp species are insect-pollinated (Appanah and Chan, 1981; Dayanandan et al., 1990) . Moreover, dipterocarp species growing in swamps and river banks have fruits with short sepals, and their seeds are dispersed by water. Only populations in Nui Tuong, Dao Tien, Tan Phu, and Ma Da, which were located close to the Dong Nai River showed low and none significant genetic differentiation (F ST = 0.012-0.018, P > 0.05). This suggests a high degree of gene flow between these populations and indicates that differentiation in these populations is not due to restricted gene flow. High degrees of differentiation between populations belonging to other provinces, indicates low gene flow (N m < 1). A barrier to gene flow is reflected by significant differentiation (25.04%; P < 0.001) in D. alatus species.
In conclusion, D. alatus maintained the relatively high levels of genetic variability within populations and a high level of genetic population differentiation. From conservation of these species, effective management strategies should be considered for both in situ and ex situ activities. For example, logging activities should be controlled. Less gene flow resulting from over-exploitation might reduce population viability through, for example, increased inbreeding, genetic differentiation, and genetic erosion by genetic drift.
